Introduction
============

2D materials have been extensively researched in recent decades since the discovery of graphene.[@cit1]--[@cit6] However, strategies for the synthesis of 2D materials are quite limited, mainly relying on interface-templates,[@cit7],[@cit8] exfoliation of layered crystals[@cit9]--[@cit11] and surfactant-assistance.[@cit12]--[@cit14] All these methods have limitations. In order to satisfy this booming research area, the development of new synthetic strategies is quite appealing. Pioneering studies on synthesis in nano-reactors revealed that the obtained product can replicate precise morphology derived from the nano-reactor.[@cit15]--[@cit17] They provided us with an inspiration to synthesize 2D materials by polymerization within 2D nano-reactors. Unfortunately, although 0D (*e.g.*, fullerene[@cit18]) and 1D (*e.g.*, carbon tubes[@cit19]--[@cit21]) nano-reactors well existed, 2D nano-reactors are quite rare. *Via* searching for appropriate structures for application in 2D nano-reactors, we found that pillar--layer MOFs suggested by Susumu Kitagawa 10 years ago, which have 2D-channels, can be an option for the synthesis of 2D polymers.[@cit22],[@cit23] One of the advantages of using MOFs as nano-reactors is that the framework can be disassembled afterwards to release the resulting product.[@cit24],[@cit25] However, this is a long-lasting unrealized strategy, possibly due to the lack of appropriate MOFs: (1) layers of many MOFs are permeable, hindering their application in 2D nano-reactors;[@cit26] (2) except for the layer ligand, most of the MOFs need auxiliary pillar ligands ([Fig. 1a](#fig1){ref-type="fig"} top), which may result in cleavage of layer and ligand units during the insertion of molecules due to weak coordination;[@cit27] (3) general pillars such as bipyridine and triethylenediamine may be too fat to be efficiently circled by intruded monomers.[@cit28] In order to solve these problems, this study will use a slim pillar covalently bonded with the layer unit ([Fig. 1a](#fig1){ref-type="fig"} bottom) to construct a new pillar--layer MOF. We hoped that inserted monomers can circle pillars more efficiently and the MOF can be stable during polymerization.

![(a) Pillar--layer MOF constructed from independent ligands and our integrated ligand (because such a MOF has a 3D framework, the MOF itself has no chance to be exfoliated to 2D sheets); (b) the structure of our ligand; (c) preparation of the 2D phosphorus material within the 2D nano-reactor; (d) the proposed structure of the 2D phosphorus material (M^2+^: metal ions).](c8sc01439f-f1){#fig1}

Based on the above analysis, we excluded MOFs existing so far as we have known and developed a new MOF from an integrated ligand for the construction of a 2D nano-reactor. The slimmest diacetylene was selected as the pillar unit, which is covalently bonded with the layer unit (isophthalic acid) by an ether linkage. Due to the kink from the linkage, the ligand can bend to a suitable conformation with a void (height ∼0.7 nm, [Fig. 1b](#fig1){ref-type="fig"} left), whilst the length of the extended ligand is ∼2 nm ([Fig. 1b](#fig1){ref-type="fig"} right). For a conceptual application model of this 2D nano-reactor in the synthesis of 2D materials, we selected white phosphorus (P~4~) as the monomer because its void is well suitable for the uptake of a P~4~ molecule ([Fig. 1b](#fig1){ref-type="fig"} left). If a layer of P~4~ was restricted within the 2D space, poly-phosphorus networks can be produced after irradiation-induced polymerization.[@cit29] The free-standing 2D phosphorus material could be obtained through disassembling the MOF ([Fig. 1c](#fig1){ref-type="fig"}). The proposed molecular structure of this 2D material is shown in [Fig. 1d](#fig1){ref-type="fig"}. In this material, phosphorus atoms are covalently bonded, while ligands interpenetrate the 2D network. The thickness of a monolayer should be ∼2 nm if ligands are extended.

Results and discussion
======================

Ligand **1** was simply synthesized under mild conditions. 3-Bromoprop-1-yne was substituted by dimethyl 5-hydroxyisophthalate to give known compound **3**, followed by a coupling reaction to yield **2**. After removal of methyl groups, ligand **1** was obtained with an overall yield of 72% (ESI Scheme S1 and Fig. S1--S5[†](#fn1){ref-type="fn"}).

The complexation of ligand **1** and Co^2+^ in DMF/ethanol solution under heating resulted in purple-red MOF crystals ([Fig. 2a](#fig2){ref-type="fig"}). These crystals are larger than 0.1 mm and show a significant birefringence feature, indicating their nice crystallinity (ESI Fig. S6[†](#fn1){ref-type="fn"}). The single crystallography X-ray diffraction (SC-XRD) analysis was performed after storage of the sample in air (moisture ∼ 70%, room temperature) for more than a month and fortunately the quality of the X-ray data was good enough for structure solving. This indicated that the MOF crystal is reasonably stable in moisture, which was also proved by PXRD measurements (ESI Fig. S7[†](#fn1){ref-type="fn"}). The X-ray structure indicates that the ligand bends with a rectangular void ([Fig. 2b](#fig2){ref-type="fig"}) containing a free lying *N*,*N*-dimethylformamide (DMF) molecule and four vertical Co^2+^-coordinated DMF molecules (ESI Fig. S8[†](#fn1){ref-type="fn"}). The height of the void is ∼0.72 nm, and if the van der Waals radius was considered, it is ∼0.36 nm indicating that the void accommodates well a P~4~ molecule ([Fig. 2b](#fig2){ref-type="fig"}). Isophthalic acid groups are coordinated with Co^2+^ ([Fig. 2b and c](#fig2){ref-type="fig"}) to form coordinated tight layers ([Fig. 2c and d](#fig2){ref-type="fig"}) and between layers there are 2D nano-reactors ([Fig. 2e](#fig2){ref-type="fig"}), regardless of DMF molecules. In the tight layer, neighboring ligands are not from the same 2D nano-reactor but top or lower nano-reactors ([Fig. 2c](#fig2){ref-type="fig"}). Such a manner indicates that (1) guest P~4~ molecules cannot permeate through tight layers but stay in an individual 2D nano-reactor and (2) stacked 2D nano-reactors filled with a poly-phosphorus 2D network can be disassembled by breaking of coordination. Distances between neighboring diacetylene pillars in a 2D nano-reactor are 0.9, 1.5 and 1.6 nm, respectively, which are suitable for P~4~ insertion ([Fig. 2e](#fig2){ref-type="fig"}) but are not suitable for topo-polymerization of diacetylenes.[@cit30]

![(a) The optical microscopy image of MOF crystals. SC-XRD analysis (DMF molecules and H-atoms are omitted for clarity; blue: Co, gray: C, red: O): (b) coordination between neighboring ligands; (c) ball-stick model of the coordinated tight layer (the blue disk indicates that the layer unit is from the top 2D nano-reactor, while the red disk indicates that the layer unit is from the lower 2D nano-reactor); (d) space-filling model of the coordinated tight layer; (e) 2D nano-reactors within the MOF and distances between pillars in a 2D nano-reactor.](c8sc01439f-f2){#fig2}

From the thermal gravimetric (TG) analysis of MOF crystals, the first slope (from 30 °C to 153 °C) is attributed to the loss of the free DMF molecule in the framework ([Fig. 3a](#fig3){ref-type="fig"}, ESI Fig. S9a[†](#fn1){ref-type="fn"}). Indeed, after the activation of MOF crystals at 140 °C for 10 h, the SC-XRD analysis demonstrated the disappearance of the free DMF molecule and maintenance of other four Co^2+^-coordinated DMF molecules ([Fig. 3b](#fig3){ref-type="fig"}, ESI Fig. S10[†](#fn1){ref-type="fn"}). Parameters of the crystal cell are almost the same before and after activation (ESI Fig. S9b[†](#fn1){ref-type="fn"}). Generally the cell volume should decrease after the removal of guest molecules.[@cit31] However, for our MOF crystal, its cell volume was maintained after activation (4009.4 Å^3^), which should be owing to our specially integrated rigid ligand. The TG analysis further reveals that coordinated DMF molecules within MOF crystals can be totally removed until ∼400 °C ([Fig. 3a](#fig3){ref-type="fig"}, ESI Fig. S9a[†](#fn1){ref-type="fn"}). As a lot of cracks appeared within crystals at such high temperature, here we used the partially activated MOF crystal which only lost the free DMF molecule as the nano-reactor.

![(a) TG analysis of MOF crystals; (b) SC-XRD analysis (crystal structure and cell parameters) of the MOF crystal before and after activation (the free DMF molecule in the void has conformational disorder due to the rotation of the C--N bond.).](c8sc01439f-f3){#fig3}

The uptake of P~4~ was conducted in a glass tube equipped with an argon and vacuum system (ESI Fig. S11[†](#fn1){ref-type="fn"}). Firstly, activated crystals were immersed in the melting P~4~ in the dark under intermittent vacuum. P~4~ molecules not only diffused into empty voids but also exchanged with coordinated DMF molecules during the removal of DMF molecules by the vacuum.[@cit32] After uptake of P~4~, MOF crystals were washed with chloroform and ethanol to remove remaining P~4~ on the surfaces (×3 times). Washed MOF crystals were then irradiated with UV-light (365 nm, 36 W) in air at room temperature for three days. The whole process was monitored by powder X-ray diffraction (PXRD), SEM, infrared (IR), Raman and X-ray photoelectron spectroscopies (XPS). Except for some neglectable shifts, peaks of the PXRD patterns of MOF crystals, MOF crystals filled with P~4~ (MOF\@P~4~) and irradiated MOF\@P~4~ are almost in the same region, which indicates that the main structure of the MOF is stable during P~4~ intrusion and polymerization (ESI Fig. S12[†](#fn1){ref-type="fn"}). Both SEM images of MOF\@P~4~ and irradiated MOF\@P~4~ exhibit smooth/flat crystal surfaces and homogenous distribution of P, C, Co and O elements (ESI Fig. S13 and 14[†](#fn1){ref-type="fn"}). As phosphorus on the surface has been washed away, such distribution reveals that phosphorus was encapsulated in the MOF. For IR spectra, peaks referring to coordinated DMF (3070 and 1424 cm^--1^) decreased after uptake of P~4~, indicating the removal of DMF (remaining tiny peaks referring to traces of DMF restricted in crystals did not decrease after irradiation, indicating DMF didn\'t react during irradiation). Other peaks are almost remained the same, demonstrating that the MOF itself didn\'t react during P~4~ insertion and irradiation (ESI Fig. S15[†](#fn1){ref-type="fn"}). Non-polar components such as phosphorus and diacetylene were characterized by Raman spectroscopy ([Fig. 4a](#fig4){ref-type="fig"}). After filling of P~4~, typical peaks of P~4~ at 364, 466 and 600 cm^--1^ appeared.[@cit21] Because P~4~ is highly self-combustible in air, the appearance of P~4~ peaks reveals that P~4~ must be encapsulated in MOF crystals.[@cit33] After irradiation, peaks of P~4~ disappeared but a broad region (355--500 cm^--1^) referring to poly-phosphorus appeared,[@cit34] while there was no visible peak referring to the P--C bond,[@cit35] indicating that all P~4~ has converted to poly-phosphorus. The typical peak of a pillar unit (diacetylene) at 2253 cm^--1^ remained in all spectra[@cit36] of the MOF, MOF\@P~4~ and irradiated MOF\@P~4~. The C 1s envelope in XPS measurements reveals that all peaks referring to C0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000C, C0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000C, C--C, C--O and COO remained the same with no new peaks referring to the P--C bond (ESI Fig. S16[†](#fn1){ref-type="fn"}).[@cit35] These spectra all exclude significant chemical bonding between poly-phosphorus and MOF groups. XPS spectra of the P 2p envelope of MOFs\@P~4~ and irradiated MOFs\@P~4~ all show an elemental phosphorus P (0) peak ([Fig. 4b and c](#fig4){ref-type="fig"}), which also indicates that P~4~ has been encapsulated in MOF crystals. A P (oxid.) peak besides the P (0) peak can also be observed in XPS measurements, which can be oxidized phosphorus, while IR spectra show no visible P (oxid.) signal (ESI Fig. S15[†](#fn1){ref-type="fn"}).[@cit37] This difference indicates that partial oxidation only occurred at the surface (*e.g.*, P~4~ molecules present at the open edges of MOFs[@cit21]), because IR spectra show data from the whole material (including deep in the material) but XPS spectra only show surface-data. Moreover, irradiation of the sample in air didn\'t decrease the proportion of elemental phosphorus in MOFs ([Fig. 3d](#fig3){ref-type="fig"}), which is further evidence that oxidation only occurred at the surface upon the first exposure of the sample to air.

![(a) Raman spectra of the MOF (curve 1), MOFs\@P~4~ (curve 2) and irradiated MOFs\@P~4~ (curve 3), respectively; (b) XPS spectrum of the P 2p envelope of MOFs\@P~4~; (c) XPS spectrum of the P 2p envelope of irradiated MOFs\@P~4~.](c8sc01439f-f4){#fig4}

After irradiation, coordination in crystals was disassembled by water under ultra-sonication for a few seconds at room temperature. The dissembling process could be visualized by SEM imaging. As shown in [Fig. 5a](#fig5){ref-type="fig"}, stacked thinner sheets with nm-thickness were delaminated from irradiated crystals, similar to opening a book. This exfoliation property unambiguously proves that the 2D polymeric material formed in MOF crystals; otherwise, there is no chance for such exfoliation.[@cit38] Since polymerization of the ligand (diacetylene unit) itself is impossible (as shown in [Fig. 2e](#fig2){ref-type="fig"}), then there must be polymerization of P~4~. The EDX spectrum further demonstrated that elements in this material are in complete accord with the expectation, including P, Co, C and O (inset in [Fig. 5a](#fig5){ref-type="fig"}; Cu is from the TEM grid). For ultra-sonication for a longer time (15 min), a thin sheet can be extracted from the supernatant, as shown in the SEM image in [Fig. 5b](#fig5){ref-type="fig"}. The EDX mappings also reveal expected elements P, C, O and Co distributed within this sheet (insets in [Fig. 5b](#fig5){ref-type="fig"}, and ESI Fig. S17[†](#fn1){ref-type="fn"}). Compared to partially exfoliated crystals in [Fig. 5a](#fig5){ref-type="fig"}, Co remaining on this sheet is very limited, which may be owing to the fact that many Co ions have been extracted into water during exfoliation. TEM imaging showing stacked layers with some natural rolling-up at the margin also proves that thin sheets are derived from exfoliation ([Fig. 5c](#fig5){ref-type="fig"}), whose chemical compositions include expected phosphorus and also very limited Co as well (ESI Fig. S18[†](#fn1){ref-type="fn"}). The XPS measurements for the bulk sample of these films majorly show elements of P, C and O besides traces of Co (ESI Fig. S19[†](#fn1){ref-type="fn"}). The selected area electron diffraction (SAED) spectrum reveals the reasonable internal order within the thin sheet, which represents *d*-spacings of 2.1 Å, 1.9 Å, 1.8 Å, 1.3 Å and 1.2 Å (the inset in [Fig. 5c](#fig5){ref-type="fig"}). HRTEM imaging also reveals ordered domains with *d*-spacings of 2.5 Å, 2.1 Å and 1.8 Å ([Fig. 5d](#fig5){ref-type="fig"}). These *d*-spacing values generally appear in diffraction spectra[@cit39] and the HRTEM image[@cit40] of black phosphorus, indicating that small domains of this 2D material may have a black phosphorus phase, in accordance with three characteristic regions in the Raman spectrum at 355 cm^--1^ (Ag^--1^), 432 cm^--1^ (B~2g~) and 470 cm^--1^ (Ag^2^) ([Fig. 4a](#fig4){ref-type="fig"}). Until now, except for a few examples, many 2D covalent materials have shown no internal order or their ordered domain is small. The partial internal order of our product reveals that preparation in a 2D-nanoreactor has the advantage of endowing internal order to the resulting 2D covalent material. Anyway, further research is required on how to obtain products with long-range internal order, *e.g.*, tuning the MOF to perfectly fit the structure of the designed 2D material and controlling reaction conditions.

![(a) SEM image and the EDX spectrum (inset) of an irradiated MOFs\@P~4~ with partial exfoliation; (b) SEM image of a thin sheet and the EDX mapping of the P element (inset); (c) TEM image and SAED spectrum (inset) of thin sheets; (d) HRTEM image of the thin sheet.](c8sc01439f-f5){#fig5}

The monolayer character of thin sheets was visualized by AFM imaging ([Fig. 6a](#fig6){ref-type="fig"}), corresponding to the predicted monolayer thickness of ∼2 nm ([Fig. 1b and d](#fig1){ref-type="fig"}). Larger area surveys reveal that the thickness of these irregular shaped sheets is quite homogenous at ∼2 nm with lateral sizes of ∼1.5 μm (ESI Fig. S20[†](#fn1){ref-type="fn"}). A large area (\>0.2 mm) XPS mapping further reveals that the existence of phosphorus species (red spots) with homogenous lateral sizes is similar to the AFM imaging ([Fig. 6b](#fig6){ref-type="fig"}). The intensity ratio between the phosphorus atom and the penetrated ligand is about 6 (ESI Fig. S21[†](#fn1){ref-type="fn"}), in accordance with the structure shown in [Fig. 1d](#fig1){ref-type="fig"} revealing that statistically there are at least 6 phosphorus atoms surrounding a ligand. The high resolution XPS shows that the P 2p envelope is made up of P (0) and P (oxid.) species (inset in [Fig. 6b](#fig6){ref-type="fig"}). The oxidized phosphorus species should have resulted from oxidation in air. Deeper oxidation can be proved by the absolutely oxidized phosphorus species after storing the sample in air for 15 d (ESI Fig. S22[†](#fn1){ref-type="fn"}). This deeper oxidation of the exfoliated sample is different from the crystal of MOF\@P~4~ ([Fig. 3b and c](#fig3){ref-type="fig"}), because for the exfoliated sample, all phosphorous was exposed to air while for the crystal of MOF\@P~4~, most of the phosphorus was stored in the framework. Actually, even red phosphorus can be oxidized from the surface[@cit41] and C--O species can be observed in the XPS spectra of other 2D materials such as graphene[@cit42] and graphdiyne.[@cit43] As all our exfoliation experiments were conducted in air, the existence of P--P can still give a conclusion that this 2D phosphorus material has some higher stability compared to white phosphorus and black phosphorene, which is totally unstable in air. This higher stability may be due to the protection effect from penetrated ligands.

![(a) AFM image and height profiles (insets) of thin sheets; (b) XPS mapping and spectrum (inset) of P 2p of thin sheets.](c8sc01439f-f6){#fig6}

Conclusions
===========

In summary, we have realized a new strategy to synthesize 2D materials: polymerization in 2D nano-reactors. As a conceptual application of this strategy, a 2D nano-reactor was firstly constructed within an air- and moisture-stable pillar--layer MOF and then a 2D phosphorus material was directly synthesized from P~4~ by using this 2D nano-reactor. The MOF was synthesized from a new integrated ligand with a slimmest pillar unit (diacetylene). Further applications of this 2D-nano-reactor to synthesize more 2D materials such as 2D-metals (indium) are under investigation. Our research may provide a new approach for the synthesis of a variety of other 2D materials and a facile method to safely-store and transport highly self-combustible white phosphorus.[@cit33],[@cit44]
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